Origins of thalamic and cortical projections to the posterior auditory field in congenitally deaf cats. by Butler, Blake E et al.
Western University 
Scholarship@Western 
Psychology Publications Psychology Department 
1-1-2017 
Origins of thalamic and cortical projections to the posterior 
auditory field in congenitally deaf cats. 
Blake E Butler 
Nicole Chabot 
Andrej Kral 
Stephen G Lomber 
Follow this and additional works at: https://ir.lib.uwo.ca/psychologypub 
 Part of the Cell Anatomy Commons, Psychology Commons, and the Systems Neuroscience Commons 
Citation of this paper: 
Butler, Blake E; Chabot, Nicole; Kral, Andrej; and Lomber, Stephen G, "Origins of thalamic and cortical 
projections to the posterior auditory field in congenitally deaf cats." (2017). Psychology Publications. 183. 
https://ir.lib.uwo.ca/psychologypub/183 
Abbreviations: 
A1 – primary auditory cortex    LP – lateral posterior nucleus  
A2 – second auditory cortex     MGB – medial geniculate body  
AAF – anterior auditory field   PAF – posterior auditory field  
ABR – auditory brainstem response    PES – posterior ectosylvian sulcus  
BDA – biotinylated dextran amine   PLLS – posterolateral lateral suprasylvian area 
BOLD – blood oxygenation level dependent  PMLS – posteromedial lateral suprasylvian area 
DLS – dorsal lateral suprasylvian area  RS – retrosplenial area 
dPE – dorsal division, posterior ectosylvian cortex  T – temporal cortex 
DZ – dorsal zone of auditory cortex  VAF – ventral auditory field 
fAES – auditory field of the anterior ectosylvian sulcus  VLS – ventral lateral suprasylvian area 
IN – insular cortex    VPAF – ventroposterior auditory field 





ORIGINS OF THALAMIC AND CORTICAL PROJECTIONS TO THE  4 
POSTERIOR AUDITORY FIELD IN CONGENITALLY DEAF CATS 5 
 6 
 7 
Blake E. Butlera,c*, Nicole Chabota,c, Andrej Krale,f, and Stephen G. Lombera-d 8 
 9 
 10 





aDepartment of Physiology and Pharmacology, University of Western Ontario 16 
bDepartment of Psychology, University of Western Ontario 17 
cBrain and Mind Institute, University of Western Ontario 18 
dNational Centre for Audiology, University of Western Ontario 19 
eDepartment of Experimental Otology, Medical University Hannover 20 






*Corresponding Author: 27 
Department of Physiology and Pharmacology 28 
The University of Western Ontario 29 
Medical Sciences Building, Room 216 30 
1151 Richmond Street North 31 
London, Ontario  32 
N6A 5C1, Canada 33 
E-mail:bbutler9@uwo.ca 34 
 35 




Crossmodal plasticity takes place following sensory loss, such that areas that normally process 38 
the missing modality are reorganized to provide compensatory function in the remaining sensory 39 
systems. For example, congenitally deaf cats outperform normal hearing animals on localization 40 
of visual stimuli presented in the periphery, and this advantage has been shown to be mediated 41 
by the posterior auditory field (PAF).  In order to determine the nature of the anatomical 42 
differences that underlie this phenomenon, we injected a retrograde tracer into PAF of 43 
congenitally deaf animals and quantified the thalamic and cortical projections to this field.  The 44 
pattern of projections from areas throughout the brain was determined to be qualitatively similar 45 
to that previously demonstrated in normal hearing animals, but with twice as many projections 46 
arising from non-auditory cortical areas.  In addition, small ectopic projections were observed 47 
from a number of fields in visual cortex, including areas 19, 20a, 20b, and 21b, and area 7 of 48 
parietal cortex.  These areas did not show projections to PAF in cats deafened ototoxically near 49 
the onset of hearing, and provide a possible mechanism for crossmodal reorganization of PAF.  50 
These, along with the possible contributions of other mechanisms, are considered.    51 
 52 
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HIGHLIGHTS 56 
• The retrograde tracer BDA was injected into PAF of congenitally deaf cats 57 
• Neurons projecting to PAF were quantified throughout the brain 58 
• Non-auditory projections to PAF more than doubled compared to hearing cats 59 
• Ectopic projections were observed from visual and parietal cortical areas 60 
 61 
 62 
  63 
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1. INTRODUCTION 64 
While much of the way in which different areas of the brain are connected is established 65 
genetically, neural plasticity affords the flexibility to adapt in an experience-dependent manner 66 
to best perceive those stimuli we encounter most often.  In the case of normal development, this 67 
process results in auditory, visual, and somatosensory cortices that represent stimuli from each 68 
modality with impressive fidelity, and which interact to provide a multisensory representation of 69 
the world around us.  However, in the deaf brain, areas that would normally process sound are 70 
reorganized to respond to visual (Neville et al., 1983; Finney et al., 2001; 2003; Lee et al., 2001; 71 
Lambertz et al., 2005; Pekkola et al., 2005; Lomber et al., 2010; Meredith et al., 2011; Karns et 72 
al., 2012) or somatosensory stimulation (Levänen et al., 1998; Levänen and Hamdorf, 2001; 73 
Allman et al., 2009; Bhattacharjee et al., 2010; Meredith and Lomber, 2011; Karns et al., 2012), 74 
offering functional enhancement in the remaining modalities.  While there is ample behavioral 75 
and electrophysiological evidence for such crossmodal plasticity, the anatomical changes that 76 
underlie these effects are poorly understood. To date, a number of detailed anatomical studies 77 
have been undertaken to address this issue across auditory cortical areas in the cat (Barone et al., 78 
2013; Kok et al., 2014; Chabot et al., 2015; Wong et al., 2015; Meredith et al., 2016).  One area 79 
of particular interest is the posterior auditory field (PAF); in the deaf animal, PAF has been 80 
shown to be the neural substrate responsible for mediating visual localization of peripherally 81 
presented stimuli (Lomber et al., 2010), and moving high-contrast gratings elicit changes in the 82 
blood oxygenation level dependent (BOLD) response in PAF of early-deaf animals (Brown and 83 
Lomber, 2012). Moreover, the fractional cortical volume occupied by PAF has been shown to be 84 
slightly larger in deaf animals than in hearing animals (Wong et al., 2014). Thus, quantifying the 85 
connectivity to deaf PAF may help elucidate the structural basis for crossmodal reorganization. 86 
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In a recent paper we compared the thalamocortical and corticocortical projections to PAF 87 
in normal hearing, early-deaf, and late-deaf cats (Butler et al., 2016).  While some small-scale 88 
differences were observed, the results overwhelmingly suggested an absence of substantial 89 
change in the pattern of neurons projecting to PAF following hearing loss.  This is of 90 
considerable interest in light of behavioral evidence that PAF is functionally reorganized 91 
following early hearing loss to subserve visual localization in the peripheral field (Lomber et al., 92 
2010).  Indeed, this anatomical finding is in accordance with recent examinations of other 93 
auditory cortical fields, demonstrating little or no change in the overall pattern of labelled 94 
neurons following deafness (Barone et al., 2013; Chabot et al., 2015; Meredith et al., 2016).  95 
Taken together, these findings suggest that functional crossmodal reorganization is not the result 96 
of substantial increases in the number of transcortically projecting neurons from the remaining 97 
sensory cortices.  Rather, it suggests projections that exist in the normal hearing brain are 98 
modified to become functionally relevant; this may occur via decreased inhibition, increased 99 
synaptic efficiency, unmasking of projections that do not normally produce suprathreshold input, 100 
changes in top-down influences, or by some other mechanism.  Alternatively, it has been 101 
proposed that crossmodal plasticity may occur subcortically, such that projections originating in 102 
what would normally be considered auditory brainstem, midbrain, and thalamic nuclei are 103 
reorganized to relay information related to non-auditory stimuli (e.g. Dehmel et al., 2008; 104 
Allman et al. 2009). 105 
Despite this mounting evidence for structural preservation of projections to auditory 106 
cortical fields in the deaf, the possibility remains that brief exposure to sound might be sufficient 107 
to drive the development of normal patterns of connectivity, even in models of early-onset 108 
deafness.  While the duration of hearing in these ototoxically-deafened animals is often quite 109 
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short, this remains a significant concern given evidence from the visual system that even very 110 
brief periods of experience (on the order of hours) can prove sufficient to trigger maturation in 111 
visual cortex (e.g. Mower et al., 1983; Rosen et al., 1992). Thus, the current study seeks to 112 
further explore the influence of hearing loss on the pattern of neurons projecting to the PAF, and 113 
addresses whether the limited hearing experience of early-deaf animals confounds the 114 
interpretation of such effects.  Here, we characterize the pattern of labelled cells following 115 
retrograde tracer injection into the PAF of congenitally deaf white cats (see Kral and Lomber, 116 
2015 for review). These animals have a congenital form of deafness in which total inner hair cell 117 
degeneration occurs, but spiral ganglion cells are largely preserved (Heid et al., 1998).  118 
Importantly, this occurs prior to the onset of hearing, such that deaf white cats provide a model 119 
in which to examine the anatomy of the naïve auditory system. 120 
 121 
2. MATERIALS AND METHODS 122 
 Three female deaf white cats (aged 4.2 yrs, 8.5 yrs, and 10.1 yrs) were examined in the 123 
current study.  In each case, deafness was confirmed by the absence of auditory brainstem 124 
responses.  All surgical procedures were conducted in accordance with the Canadian Council on 125 
Animal Care’s Guide to the Care and Use of Experimental Animals (Olfert, 1993) and were 126 
approved by the University of Western Ontario Animal Use Subcommittee of the University 127 
Council on Animal Care.  The remaining methodology involved in the current experiment is 128 
described in detail by Butler and colleagues (2016).  The principle details are outlined briefly 129 
below. 130 
 131 
2.1 Tracer Deposits 132 
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 Injections of biotinylated dextran amine (BDA) were made into the left hemisphere of 133 
each animal.  On the day of surgery, sodium pentobarbital (25 mg/kg to effect, i.v) was 134 
administered to induce general anesthesia and the animal was prepared for surgery using 135 
antiseptic procedures.  An incision was made along the midline and a craniotomy was made that 136 
extended from the anterior ectosylvian sulcus (AES) to the middle of the posterior ectosylvian 137 
gyrus, and from the dorsal tip of PES to the dorsal tip of the sylvian sulcus.  BDA (3000 kMW, 138 
[10%], Vector Laboratories) was pressure injected through a glass pipette (Nanolitre 2000, 139 
World Precision Instruments, Sarasota, FL).  BDA 3k is a robust retrograde tracer (Reiner et al., 140 
2000) that is more sensitive than horseradish peroxidase (HRP), and has been shown to be more 141 
reliable than biocytin or neurobiotin (Lapper and Bolam, 1991).  All three animals received the 142 
same pattern of injections with three penetrations spaced along the length of PAF.  At each, a 143 
deposit of 150 nL was made at a depth of 1200 µm to target deep cortical layers, and a second 144 
deposit of 150 nL was made at 500 µm to target superficial cortical layers.  This pattern of 145 
injections has been used previously to ensure that neurons across all cortical layers, are exposed 146 
to BDA, with tracer spread limit to the confines of PAF (Figure 1, 2a).  At the conclusion of the 147 
procedure, the craniotomy was closed with dental acrylic anchored to stainless steel skull screws 148 
and sodium pentobarbital administration was discontinued.  149 
 150 
2.2 Perfusion and Tissue Processing 151 
 Two weeks after BDA injection, the animal was deeply anesthetized with sodium 152 
pentobarbital (30 mg/kg, i.v.).  The animal was then intracardially perfused through the 153 
ascending aorta with physiological saline, 4% paraformaldehyde, and 10% sucrose to cryoprotect 154 
the tissue.  The head was mounted in a stereotaxic frame and the brain was exposed and blocked 155 
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in the coronal plane at Horsley-Clarke level A27.   Brains were frozen and a total of 6 series of 156 
60 µm serial coronal sections were collected. One series was processed to reveal the presence of 157 
BDA using the avidin-biotin peroxidase method with nickel-cobalt intensification (Veenman et 158 
al., 1992).  In order to visualize laminar and areal borders, three of the remaining series were 159 
processed using the monoclonal antibody SMI-32 (Sternberger and Sternberger, 1983), 160 
cytochrome oxidase (Payne and Lomber, 1996), and cresyl violet to label Nissl bodies.  The 161 
remaining two series were spares, and were processed using the above methods as necessary.  162 
All sections were mounted on gelatin-coated slides, air dried, cleared, and cover-slipped. 163 
 164 
2.3 Data Analysis 165 
 BDA-labelled neurons were visualized using a Nikon E600 microscope.  Tissue sections 166 
and injection sites were outlined and an unbiased and comprehensive count of labelled neurons 167 
was completed using Neurolucida software (MBF Bioscience, Williston, VT).  Only those 168 
neurons in which the entirety of the cell soma was labelled were included; partial cell bodies or 169 
dendritic branches alone were not quantified, providing a conservative estimate of labelled cells.  170 
The full thickness of each section was examined by taking focal levels throughout the z-plane.  171 
Labels were assigned to cortical areas based on each animal’s cytoarchitectural, sulcual, and 172 
gyral landmarks defining areal borders.  Patterns of SMI-32 labelling differ by area in auditory 173 
and visual cortex, allowing for demarcation of areal borders (van der Gucht et al., 2001; Mellott 174 
et al., 2010), and these patterns are conserved following hearing loss (Wong et al., 2014).  175 
Somatosensory areas can be distinguished from auditory cortical fields by a marked increase in 176 
SMI-32 reactivity (van der Gucht et al., 2001), while borders between somatosensory areas are 177 
primarily delineated using Nissl labelling profiles (Clascá et al., 1997).  As supported by the 178 
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cytoarchitecture of the visual system (van der Gucht et al., 2001), borders between the posterior 179 
lateral suprasylvian areas (PLLS and PMLS), and the dorsal and ventral lateral suprasylvian 180 
areas (DLS and VLS) of visual cortex were placed on the lateral bank of the middle suprasylvian 181 
sulcus and the dorsal bank of the posterior limb of the suprasylvian sulcus, respectively (as per 182 
Palmer et al., 1978; Updyke, 1986; Rauschecker et al., 1987).  183 
 184 
3. RESULTS 185 
3.1 Injection Sites & Tracer Spread 186 
 Three cats received injections of the retrograde tracer BDA, ensuring axon terminals in 187 
all six cortical layers of the right PAF were exposed.  The three injection tracks were placed 188 
along the posterior bank of the posterior ectosylvian sulcus (Figure 1), with no evidence of tracer 189 
spread beyond the borders of PAF. 190 
 191 
3.2 Projections to PAF in the congenitally deaf cat 192 
 A representative profile of labeling throughout the brain is presented in Figure 3.  193 
Following injection of BDA into PAF, labelled neurons throughout the hemisphere ipsilateral to 194 
the injection site were assigned to their cortical or thalamic area of origin (Figure 4), quantified, 195 
and converted to a proportion of the total number of labelled cells in that hemisphere on an 196 
individual animal basis.  Because the current study was interested in the thalamocortical and 197 
corticocortical projections to PAF, the total number of labelled cells was taken as the sum of the 198 
labelled cells in all thalamic and cortical fields ipsilateral to the tracer injection, excluding those 199 
labelled cells within PAF itself; labelled cells in subcortical fields beyond the thalamus were not 200 
included in this analysis.  This conversion allows for meaningful comparisons to be made across 201 
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animals despite variability in tracer uptake and immunohistochemical processing that make 202 
interpreting raw cell counts difficult (raw cell counts are provided in Table 1).  Within the 203 
auditory cortex, projections arose from each of the other 12 fields identified in the cat (Figure 5), 204 
with the largest originating in the primary auditory cortex (A1). Smaller projections arose from 205 
the second auditory cortex (A2), the anterior auditory field (AAF), the dorsal, intermediate, and 206 
ventral divisions of the posterior ectosylvian auditory cortex (dPE, iPE, & vPE), the dorsal zone 207 
of auditory cortex (DZ), the auditory field of the anterior ectosylvian sulcus (fAES), the insular 208 
and temporal cortices (IN & T), ventral auditory field (VAF), and ventral posterior auditory field 209 
(VPAF).   210 
 Labelled cells were observed across a number of visual cortical fields (Figure 6).  These 211 
areas included primary visual cortex (Area 17), areas 19, 20a, 20b and 21b, the anterior 212 
ectosylvian visual area (AEV), the anterolateral and posterolateral lateral suprasylvian areas 213 
(ALLS & PLLS), the cingulate visual area (CVA), the posterior aspect of the posterior 214 
ectosylvian gyrus (EPp), and the posterior suprasylvian area (PS).  Small projections also arose 215 
from secondary somatosensory areas (S2 & S2m) and the fourth somatosensory cortex (S4) as 216 
well as areas 7, 35, and 36, the anterior and posterior cingulate cortices (CGA & CGP), and the 217 
retrosplenial area (RS; Figure 7).  Thalamic labelling was restricted to ipsilateral nuclei, 218 
including the dorsal, medial, and ventral divisions of the medial geniculate body (MGBd, 219 
MGBm, & MGBv) and the lateral posterior nucleus (LP; Figure 8). 220 
 In order to compare the relative size of the projection arising from each modality, cells 221 
labelled by retrograde injection into PAF were classified as either thalamic in origin, or as arising 222 
from auditory, visual, somatosensory, or other cortical areas.  The total number of cells of each 223 
type was then divided by the total number of labelled cells in each individual animal to 224 
10 
 
determine the proportion of labelled cells from each modality.  Figure 9A shows that in the 225 
congenitally deaf animal, neurons projecting to PAF originate overwhelmingly in auditory 226 
thalamic and cortical areas, with 12.9% of labelled cells arising from non-auditory cortical areas. 227 
 228 
4. DISCUSSION 229 
4.1 Summary & comparison to existing data 230 
 The current study quantifies the projections to the posterior auditory field in the 231 
congenitally deaf cat.  A summary of substantial projections from cortical and thalamic fields 232 
throughout the brain is provided in Figure 10A; labelling patterns previously outlined for early-233 
deaf and normal hearing animals are presented in panels B and C (adapted from Butler et al., 234 
2016).  While there are some small differences in the magnitude of projections, the overall 235 
pattern is qualitatively very similar between groups. 236 
 Projections to PAF were also considered at the level of modality of origin.  These data 237 
are presented along with modality-level quantifications in the hearing animal in Figure 9 (panel 238 
B adapted from Butler et al., 2016).  While only 12.9% of labelled cells in the congenitally deaf 239 
animal originated in non-auditory thalamic and cortical areas, this represents more than a 240 
doubling of the number of non-auditory projections in hearing cats. 241 
 242 
4.2 Ectopic projections from visual and parietal cortex 243 
 Following an injection of BDA into the PAF of congenitally deaf cats, labelled cells were 244 
observed in a number of cortical areas that do not contain projections to PAF in normal hearing 245 
animals (Butler et al., 2016).  These fields include visual cortical areas 19, 20a, 20b, and 21b, 246 
and area 7 of parietal cortex (Figure 11). While these projections account for a very small 247 
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proportion of the overall number of labelled cells in these animals (all <0.3%), they were reliably 248 
present across the animals tested in the current study. 249 
This begs the question of whether small projections from these visual cortical fields to 250 
PAF might play a role in enhanced visual localization, as documented in deafened cats.  Lomber 251 
and colleagues (2010) noted that while deaf and hearing animals localize visual stimuli with 252 
similar accuracy near the center of the visual field, deaf animals are significantly better than 253 
normal hearing cats when these same stimuli are presented in the visual periphery.  It is expected 254 
then, that projections to PAF underlying such a response arise from visually-responsive areas 255 
with representations of the peripheral field.  Indeed, the visual field representations of areas 20a, 256 
20b, and 21b are broad, extending into the periphery (Figure 12; Tusa and Palmer, 1980).  257 
Conversely, congenitally deaf PAF does not receive a projection from area 21a, where the visual 258 
field representation is confined to an area within 20 degrees of the vertical meridian. Cells in 259 
area 21b are binocularly responsive, with large receptive fields and strong sensitivity to the 260 
directions of drifting gradients (Tardif et al., 2000), and project primarily to areas 20a and 20b 261 
(Segraves and Rosenquist, 1982).  Based on position within the cortex and receptive field 262 
properties, area 21b (along with 21a) appears to be analogous to V4 of the macaque (Payne, 263 
1993), a field which shows enhanced neural responses to visual targets that are selected for 264 
foveation, reflecting a serial component of visual search (Bichot et al., 2005).  265 
In addition to localizing a visual stimulus, the behavioral measure of crossmodal 266 
plasticity observed by Lomber and colleagues (2010) involved an overt approach response.  267 
Accordingly, areas 20a and 20b project to the pontine nuclei, and subsequently to the cerebellum 268 
of the cat (Bjaalie, 1989), making these areas a likely contributor of visual information related to 269 
overt movement.  Based on this pattern of projection, as well as cortical position and 270 
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interhemispheric connectivity, it has been suggested that areas 20a and 20b are homologues of 271 
parahippocampal areas TF and TH in the macaque (Payne, 1993), fields which have been shown 272 
to play a significant role in spatial memory (Bachevalier and Nemanic, 2008). In addition, area 7 273 
in the cat is a high-level multisensory area that has been described as modulating activity in the 274 
visual cortex during the presentation of stimuli that elicit an action (von Stein et al., 2000).  275 
Similarly, in the monkey, this area is related to awareness of the location of the body in relation 276 
to its spatial environment, and to directed motor behavior toward a target stimulus (Hyvärinen 277 
and Poranen, 1974). 278 
Thus, while the ectopic projections from areas 20a, 20b, 21b, and area 7 to PAF of the 279 
congenitally deaf cat are small, they satisfy two presumptive criteria for areas that may 280 
contribute to the enhanced localization behavior observed by Lomber and colleagues (2010): i) 281 
they have visual field representations that extend into the periphery, and ii) they are involved in 282 
linking the perception of visual target stimuli and a behavioral response. 283 
 284 
4.3 Effects of early experience and mechanistic considerations 285 
While previous studies have failed to provide evidence in support of substantial 286 
anatomical change following deafness, their conclusions may be limited by the fact that even 287 
early-deaf animals experience a brief exposure to sound as a result of the methodology employed 288 
to elicit hearing loss.  While there are several approaches to generate animal models of hearing 289 
loss (see Butler and Lomber, 2013 for review), ototoxic deafening is the predominant method in 290 
the study of feline models.  The two most popular methodologies include: 1) the one-time 291 
administration of an aminoglycoside in combination with a loop diuretic that is infused until 292 
evoked responses are abolished (e.g. Xu et al., 1993; Butler et al., 2016); or 2) daily 293 
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administration of an aminoglycoside from postnatal day 1 until the desired hearing deficit is 294 
obtained (e.g. Leake et al., 1997).  The former has been shown to be maximally effective in the 295 
cat at or after postnatal day nine (Shepherd and Martin, 1995), with co-administration of 296 
aminoglycoside and loop diuretic prior to this age resulting in little or no hearing impairment (in 297 
reality, the effect appears to be dependent on body weight rather than postnatal age per se).  298 
Moreover, because the end-point of this procedure is typically defined by the absence of the 299 
auditory brainstem response (ABR), deafening cannot take place before the ear canals open, at or 300 
around postnatal day 11. This latter limitation is avoided by a daily aminoglycoside regimen; 301 
however, because ototoxicity is related to the onset of auditory function (Shepherd and Martin, 302 
1995), the drug is increasingly effective as the cochlea matures throughout the first two weeks of 303 
life (e.g. Brugge et al., 1978).  That aminoglycosides are maximally effective near the 304 
completion of inner ear development is consistent with findings across species, including mice 305 
(Chen and Saunders, 1983; Henry et al., 1981) and humans (Bernard, 1981), and typically results 306 
in a significant elevation in click-evoked hearing thresholds prior to the opening of ear canals in 307 
the cat, with complete deafening occurring days later.  Thus, while both methods of ototoxic 308 
deafening provide models of profound, early-onset deafness, neither is capable of addressing 309 
changes that occur in the complete absence of stimulus-evoked activity. Fortunately, the deaf 310 
white cat provides a model of human congenital deafness, and allows for the quantification of 311 
connectivity in the truly naïve auditory cortex. 312 
 We have argued that small ectopic projections from visual and multisensory cortical areas 313 
to PAF may contribute to enhanced peripheral localization behavior observed in congenitally 314 
deaf animals (Lomber et al., 2010).  That novel projections from areas 20a, 20b, 21b, and area 7 315 
exist in congenitally deaf cats, but not in animals deafened near the onset of hearing (Butler et 316 
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al., 2016) suggests that connections between non-auditory cortical areas and PAF are indeed 317 
modified by brief periods of early auditory experience.  It has been well established that the 318 
developing brain undergoes a period of exuberant connectivity that is followed by a refinement 319 
period during which transient connections are selectively eliminated (see Innocenti and Price, 320 
2005 for review).  Indeed, while a blueprint for connectivity in the auditory cortex is established 321 
prior to the onset of hearing, the refinement of this network is experience-dependent (e.g. King 322 
and Moore, 2000; Zhang et al., 2001).  Moreover, research in the visual system has suggested 323 
that even a few hours of patterned input is sufficient to initiate this refinement (e.g. Mower et al., 324 
1983; Rosen et al., 1992).  Thus, it is possible that the period of hearing experience that occurs 325 
between hearing onset and deafening, even in early-deaf models, may be sufficient to initiate 326 
refinement of auditory cortical structure. As a result, transient connections between visual and 327 
auditory cortical fields that persist in the congenitally deaf animal may be: i) pruned away 328 
entirely, or ii) reduced in number such that the sensitivity of our measurement method is 329 
insufficient to quantify these projections.  330 
 Despite the absence of ectopic visual projections in early-deaf cats, we have observed 331 
visually-evoked BOLD activity in PAF of these animals (Brown and Lomber, 2012).  Similarly, 332 
the fAES in early-deaf cats has been shown to be behaviorally and electrophysiologically 333 
responsive to visual input in the cat (Meredith et al., 2011), despite a lack of novel visual 334 
projections (Meredith et al., 2016).  These findings suggest that other mechanisms (either in 335 
addition to, or in place of ectopic connections between sensory cortices) underlie crossmodal 336 
plasticity following sensory loss. Indeed, there is evidence to suggest that crossmodal projections 337 
that normally provide subthreshold inputs are unmasked in the absence of sensory stimulation 338 
(e.g. Théoret et al., 2004), or that the synaptic density and/or efficacy of these connections are 339 
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increased in the deaf (e.g. Clemo et al., 2016).  It is likely that some combination of these 340 
mechanisms gives rise to crossmodal plasticity and resultant compensatory behaviors. 341 
 342 
5. CONCLUSIONS 343 
Following an injection of BDA into the posterior auditory field of congenitally deaf cats, 344 
the pattern of labelled cells throughout the brain is largely similar to that of hearing animals.  345 
When considered at the modality level, there are more than twice as many non-auditory 346 
projections to PAF than in hearing animals (Figure 9), driven primarily by an increase in the 347 
number of labelled cells in visual cortical areas. While these cells were spread throughout a 348 
number of areas, projections were observed in areas 20a, 20b, and 21b – areas that do not project 349 
to PAF in hearing animals.  The presence of these ectopic projections, along with a projection 350 
arising from area 7 in parietal cortex, has implications both for the effect of hearing loss on 351 
crossmodal connectivity to PAF, and for the consequences of very brief periods of early auditory 352 
exposure.  These novel projections arise from areas that are typically involved in visual 353 
localization and response behaviours, and thus, are strong candidates to underlie enhanced 354 
localization in the deaf; however, functional experiments targeting these visual cortical fields and 355 
anterograde tracing experiments capable of quantifying synapses between visual cortical areas 356 
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Figure 1. Lateral view of the cerebrum post-perfusion showing injection locations (asterisks) 515 
along PAF (A). Panel B shows an enlargement of the exposed PAF with the injecting pipette 516 
positioned at the most ventral injection site. The perimeter of PAF is noted by a black dashed 517 
line.  AES – anterior ectosylvian sulcus, PES – posterior ectosylvian sulcus, SSS – suprasylvian 518 
sulcus. 519 



















Figure 2. Representative photomicrographs depicting the spread of BDA within PAF (A), and 522 
subsequently labelled cortical (B) and thalamic neurons (C). Borders between cortical areas are 523 
indicated with dashed lines in panel A.  In all cases, scale bar = 1mm, D – dorsal, V – ventral, 524 
L – lateral, M – medial. 525 


















Figure 3. Representative distribution of labeled neurons projecting to the posterior auditory field 528 
of a congenitally deaf white cat. Color-coded dots represent labelled neurons from auditory (red), 529 
visual (purple), somatomotor (green), and other (blue) cortical areas, as well as projections from 530 
auditory thalamus (orange).   Labelled cells located in non-thalamic structures are indicated in 531 
grey, and were not included in analyses in the current study.  Injection spread in PAF is shown in 532 
grey.  Bottom right: a lateral brain view showing the selected levels from which the mapped 533 





































































































































































































Figure 4. Lateral (A) and medial (B) depictions of the cat brain. The auditory (red), visual 537 
(purple), somatomotor (green) and other (blue) cortical areas analyzed in this study are 538 
highlighted. The bottom of each sulcus is represented by a white line and cortex in the bank is 539 
gray. Dashed lines indicate cortical area borders. Dorso-ventral and antero-posterior axes are 540 
indicated at bottom. 541 





































































Figure 5. Histogram illustrating the mean proportion of labeled neurons projecting from areas in 544 
the ipsilateral auditory cortex. The y-axis represents the percent of all labelled neurons in the 545 
ipsilateral hemisphere. Auditory areas projecting to PAF are listed along the x-axis. Error bars 546 
show the standard error of the mean.  547 































Figure 6. Histogram illustrating the mean proportion of labeled neurons projecting from areas in 550 
the ipsilateral visual cortex. The y-axis represents the percent of all labelled neurons in the 551 
ipsilateral hemisphere. Auditory areas projecting to PAF are listed along the x-axis. Error bars 552 
show the standard error of the mean.  553 


































Figure 7. Histogram illustrating the mean proportion of labeled neurons projecting from areas in 556 
the ipsilateral somatosensory cortex (green) and other cortical areas (blue). The y-axis represents 557 
the percent of all labelled neurons in the ipsilateral hemisphere. Auditory areas projecting to PAF 558 
are listed along the x-axis. Error bars show the standard error of the mean.  559 

































Figure 8. Histogram illustrating the mean proportion of labeled neurons projecting from areas in 562 
the ipsilateral thalamus. The y-axis represents the percent of all labelled neurons in the ipsilateral 563 
hemisphere. Auditory areas projecting to PAF are listed along the x-axis. Error bars show the 564 
standard error of the mean.  565 










































Figure 9. Pie charts displaying the relative percentage of labeled neurons projecting to PAF 568 
arising from each sensory area of the brain in congenitally deaf (A) and normal hearing animals 569 
(B). The percentages of labeled neurons in each region are indicated to the right of each graph. 570 
























Figure 10. Corticocortical and thalamocortical neurons projecting to PAF in congenitally deaf 573 
animals (A).  Data from early-deaf (B) and hearing animals (C) have been adapted from Butler et 574 
al. (2016) for comparison. In each case, the number of labelled cells is represented by the size 575 
and color of the circles, with the largest circle representing an area that accounts for 10% or more 576 
of the total labelled cells projecting to PAF.  In the ventral region of the brain, the cortex has 577 
been “removed” to allow for visualization of the location of the medial geniculate body.  578 




Figure 11. Histogram showing projections to PAF in congenitally deaf animals (white) that were 581 
not previous observed in normal hearing animals.  An ectopic projection from area 19 was also 582 
observed previously in a single early-deaf animal (Butler et al., 2016), and is presented in grey 583 
for comparison.  Error bars represent the standard error of the mean.  584 




Figure 12. Visual field representations in visual cortical areas 20a (A), 20b (B), 21a (C), and 21b 587 
(D), as adapted from Tusa and Palmer (1980; their Figure 5).  Areas to which neurons are 588 
responsive are shaded in grey.  The vertical and horizontal meridians are represented by solid 589 
and dashed bold lines, respectively.  590 
